The anticonvulsants phenytoin and carbamazepine interact allosterically with the batrachotoxin binding site of sodium channels. In the present study, we demonstrate an autoradiographic technique to localize the batrachotoxin binding site on sodium channels in rat brain using [3H]batrachotoxinin-A 20-a-benzoate (BTX-B). Binding of [3H]BTX-B to brain sections is dependent on potentiating allosteric interactions with scorpion venom and is displaced by BTX-B (Kd =2OO nM), aconitine, veratridine, and phenytoin with the same rank order of potencies as described in brain synapto- bodies and axons but are present in synaptic zones throughout the brain. For example, a particularly dense concentration of these sites in the substantia nigra is associated with afferent terminals of the striatonigral projection. By contrast, myelinated structures possess much lower densities of binding sites. In addition, we present electrophysiological evidence that synaptic transmission, as opposed to axonal conduction, is preferentially sensitive to the action of aconitine and veratridine. Finally, the synaptic block produced by these sodium channel activators is inhibited by phenytoin and carbamazepine at therapeutic anticonvulsant concentrations. Thus, these anticonvulsants may limit seizure spread not only by affecting all-or-none conduction by axonal sodium channels but also by modulating graded aspects of synaptic transmission.
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Recent studies indicate that the anticonvulsants phenytoin and carbamazepine interact directly with sodium channels. Using radioligand binding techniques, Catterall and associates have found an allosteric interaction between these drugs and the batrachotoxin (BTX) binding site of sodium channels from rat brain (1, 2) . Phenytoin and carbamazepine block the influx of sodium into rat brain synaptosomes elicited by BTX, which activates sodium channels (3) . Electrophysiological studies of neuroblastoma cells demonstrate a frequency-and voltage-dependent blockade of sodium currents by both of these anticonvulsants (4, 5) . These findings suggest that blockade of sodium channel activity by these agents underlies their anticonvulsant actions.
A growing body of evidence has also focused attention on heterogeneity among sodium channels. Sodium channels from brain and skeletal muscle possess markedly different sensitivity to crotamine and geographutoxin (6, 7) , and antisera against the sodium channel purified from rat brain crossreact poorly with sodium channels from peripheral nerve or skeletal muscle (8) . Distinguishable populations of sodium currents have also been found in invertebrate and peripheral nerve preparations (9, 10) . The presence of distinct sodium currents in several types of mammalian brain neurons (11) (12) (13) (14) (15) (17) and animals were sacrificed after 5 days for autoradiographic studies.
Electrophysiological Recordings from Hippocampal Slices. Slices were obtained from male Sprague-Dawley rats using techniques that have been described in detail (18, 19) . One 400-gtm-thick slice was held submerged in the recording chamber at 30°C. Temperature was regulated by a heating-cooling module (Cambion, Cambridge, MA) and was monitored within 1 mm of a slice by a hypodermic thermistor $To whom reprint requests should be addressed.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. probe. Other slices were maintained in an incubation chamber at room temperature. The standard physiological saline was saturated with 95% 02/5% CO2 and consisted of (in mM) NaCl, 130; KCl, 5; CaCl2, 2.5; MgSO4, 1.5; NaH2PO4, 1.25; NaHCO3, 24; and glucose, 10 . The recording chamber provides constant perfusion and allows for drug application by switching between salines by means of a valve.
Field potential recordings were made from the CA1 pyramidal cell layer with fiber-filled glass microelectrodes that contained 2 M NaCl and had impedances of 5-15 MQ at 135 Hz. Field potentials were elicited routinely at 10-to 90-sec intervals by 50-pzsec pulses from a bipolar stimulating electrode located in the stratum radiatum near the junction of CA1 and CA3. Stimulation voltage was routinely adjusted to a level just below that producing maximal population spike amplitude. Data were collected by a Nicolet 2090 digital oscilloscope and recorded on a Gould 60000 X-Y recorder. Carbamazepine analogues were obtained from CIBA-Geigy.
Measurement of [3H]BTX-B Binding.
[3H]BTX-B binding to rat brain was measured by using a modification of published techniques (2, 20) . Fresh Sprague-Dawley rat forebrains were homogenized in 10 vol of ice-cold 0.32 M sucrose by 10 strokes with a motordriven Teflon-on-glass pestle (Wheaton, Millville, NJ). The homogenate was centrifuged 10 min at 1500 x g and the supernatant was pelleted at 9000 x g for 20 min. This pellet (crude synaptosomes) was resuspended in S (2, 20) .
The autoradiographic localization of these [3H]BTX-B binding sites (Fig. 2) is heterogeneous with high levels in the globus and ventral pallidum, substantia nigra, molecular layer of cerebellum, thalamus, neocortex, and brain stem central grey. Layers containing densely packed neuronal cell bodies, such as the stratum pyramidale of the hippocampus and granule cell layer of the cerebellum, display fewer sites. Electrophysiological Recordings. Veratridine and aconitine, sodium channel activators that act at the BTX site of the channel, slowly and reversibly decrease the population spike amplitude recorded in the CA1 pyramidal cell layer of the hippocampus (Fig. 4) . Both drugs spare the fiber spike even when the population spike is completely abolished (Figs. 4  and 6 ), suggesting that conduction in afferent fibers is selectively resistant to these drugs. Blockade of synaptic responses by veratridine or aconitine is accelerated by increased stimulation frequency (Table 2) , consistent with their use-dependent action on sodium channel function described in other preparations (21, 22) . To examine the interaction of phenytoin and carbamazepine with the BTX site on brain sodium channels, we pretreated slices with these anticonvulsant drugs for 20 min prior to application of aconitine or veratridine. Consistent with previous reports, phenytoin and carbamazepine have little effect on the population spike (23, 24 alter veratridine's action. The effect of carbamazepine is apparent at 10 ,M (2.4 Ag/ml) ( Fig. 7) and is maximal at 30 ,uM. Similarly, phenytoin's effect is readily detectable at 10 IkM (2.5 4g/ml).
To further ensure that blockade of veratridine by carbamazepine is related to its interaction with sodium channels, we tested several analogues of carbamazepine (25) for their ability to block veratridine's action. The rank order potencies of these analogues parallel their affinity for the [3H]BTX-B binding site of the sodium channel (Table 3) . For example, CGP 5924, which is inactive in displacing [3H]BTX-B binding, is weak in the electrophysiological assay, whereas CGP 9055 is more potent than carbamazepine in binding and electrophysiological assays. DISCUSSION
The major finding ofthe present study is that the brain sodium channel BTX binding site is enriched in synaptic regions and 1, 2, 20) . Scorpion venom, which markedly increases the affinity of BTX-B binding sites (2) , is required to detect these sites autoradiographically. Finally, the patterns of BTX-B and tetrodotoxin binding sites determined autoradiographically match closely (27) (3) (4) (5) 28) . Our findings complement the seminal observations of others who have demonstrated the ability of phenytoin and carbamazepine to block sodium currents in neuroblastoma cells (3) (4) (5) and to selectively inhibit highfrequency repetitive firing of sodium action potentials (29, 30) . The localization of sodium channels in synaptic zones suggests that anticonvulsants may limit excitability not only by affecting all-or-none high-frequency impulse conduction by axonal sodium channels but also by modulating graded aspects of synaptic transmission.
At present, it is not clear whether the effectiveness of carbamazepine in other clinical syndromes, such as trigeminal neuralgia and bipolar affective illness (31), also stems from its action on sodium channels. We have found that the potencies of several carbamazepine analogues differ markedly at the BTX site. Clinical studies aimed at determining the clinical activity of carbamazepine analogues with varying potency at this site may help clarify its mechanism of action in these syndromes.
